Root-knot nematodes (Meloidogyne incognita) are obligate plant parasites, causing significant economic loss, that alter expression of host genes in order to establish and maintain their feeding sites in the roots of host plants. In the present study, a nematode-responsive-root-specific gene (AT1G26530) was identified which expressed in roots of Arabidopsis thaliana after nematode infection. Quantitative RT-PCR analysis of this gene revealed maximum (~2.58 fold) up-regulation at 21 days post inoculation of nematode. A 1580 bp region upstream of the translational start site of AT1G26530 was isolated and transformed into Arabidopsis through floral dip method. On analysis of Arabidopsis transgenic plants harboring AT1G26530 prm::GUS fusion, reporter gene expression was seen exclusively in galls after nematode inoculation. Interestingly, strong GUS activity was observed at early stages of nematode infection, starting from 14 days and was sustained up to 30 days post inoculation. Furthermore, 85 to 93 % galls exhibited GUS activity in the nematode feeding sites. The specificity of the activity of the AT1G26530 promoter, in terms of nematode-responsiveness and rootspecificity, makes it a suitable candidate to express dsRNA of nematode genes and engineer plants with resistance against root-knot nematodes using HD-RNAi technology.
Introduction
Plants are subjected to both biotic and abiotic stresses under natural conditions. Among the biotic stresses, crop damage due to nematodes is a major concern. Nematodes are parasitic in nature and can cause major losses ($173 billion per year) in crop production (Elling 2013) . Root-knot nematodes (RKN), Meloidogyne spp, are economically important pathogens of crop plants causing devastating losses (Jones et al. 2013) . Control of these nematodes can be effected through management measures and breeding resistant varieties. Cultural, physical, and chemical methods form part of the integrated nematode management strategy wherein the component of resistance breeding can be included too. Various R genes, which provide resistance against root-knot nematodes, have been identified in tomato. Mi-1.2 gene confers resistance to three common root-knot nematode species, M. incognita, M. javanica, and M. arenaria (Dropkin et al. 1969; Corbett et al. 2011) . However, Mi gene highly effective under different conditions, failed to confer resistance at high soil temperature and Mi virulent nematode isolates have been identified all over the world (Williamson 1998) . To bridge this gap, new strategies are being developed to engineer nematode resistance in plants.
Since the discovery of RNAi, it has become a potential tool to silence a desired gene in a sequence specific manner. There are several successful reports on use of host-mediated RNAi in development of plant resistance against nematode (Huang et al. 2006; Steeves et al. 2006; Yadav et al. 2006; Xue et al. 2013; Dinh et al. 2014a,b; Dutta et al. 2014; Siddique et al. 2015) . In most of the transgenic plants that offer resistance against nematodes, CaMV35S promoter has been used for expressing dsRNA, the trigger for [Vol. 76, No. 1 RNAi. However, sometimes the CaMV35S promoter down-regulates the response of the nematode gene it drives in nematode feeding sites which nullifies the desired resistance response (Goddijn et al. 1993) . Therefore, the identification of suitable nematoderesponsive-root-specific (NRRS) promoters that can drive the expression of a nematode gene and thereby elicit host delivered-RNAi mediated resistance has become very important and relevant. The various NRRS promoters identified and utilized to provide resistance against nematodes so far are, TobRB7, LEMMI9, Hahsp17.7G4, Hs1pro1, and Atcel1 (Opperman et al. 1994; Escobar et al. 1999 Escobar et al. , 2003 Thurau et al. 2003a; Sukno et al. 2006) . One of the gall specific promoters, TobRB7, was used to drive Meloidogyne javanica putative transcription factor (MjTis11) that expressed in eggs. Real time PCR analysis from the females isolated from tobacco transgenic line driven through TobRB7 promoter showed no sign of MjTis11 silencing (Fairbairn et al. 2007 ). The absence of silencing detected in the TobRB7 promoter lines could be due to the weakness of the TobRB7 promoter. Unfortunately, so far there is no promoter that is responsive to nematode infection and is also root specific.
In the present study, promoter of AT1G26530 gene encoding a protein of 178 amino acids has been characterized. Through in silico analysis it was found that this gene belongs to ribosomal RNA (rRNA) processing protein family. Its protein contains a domain called PIN (PilT N terminus) domain which shares homology with Fcf1, a PIN domain protein. PIN domains have been shown to possess an endoribonuclease activity and are present in Rrp44p, an exonuclease protein involved in RNA degradation (Schaeffer and van Hoof 2011) . There are no reports in the available literature about the involvement of this gene in nematode parasitism and development. Therefore, a study was undertaken through expression analysis, to identify and characterize promoter of a nematode-responsive root-specific gene, AT1G26530, from Arabidopsis thaliana.
Materials and methods

Culture conditions of root-knot nematode
Meloidogyne incognita culture was maintained on tomato (Solanum lycopersicum) and eggplant (Solanum melongena). The seeds of tomato and eggplant were sterilized (soaked for 20 minutes in sterile distilled water for, 5 minutes in 70% ethanol,15 minutes in 5% NaOCl and 0.1% Tween 20, and finally washed four times with sterile distilled water) and germinated on MS agar medium. After 3 to 4 weeks, the plants were transferred to soil mixture and infected with 500 second stage juveniles (J2s) of M. incognita. Six to 7 weeks later, egg masses were hand-picked and hatched at 28 o C in 10 to 15 ml of sterile water. Freshly hatched J2s were used for infecting Arabidopsis plants.
Arabidopsis plant growth conditions
Arabidopsis thaliana (Col 0) seeds were surface sterilized (2 minutes in 70 % alcohol and 7 minutes in 0.1 % Mercuric chloride + 0.1% SDS), stratified for 72 h at 4 o C before germination on MS medium. Plates were sealed with PARAFILM ® and maintained at 21 o C under a 16 h light/8 h dark photoperiod. Fourteen-dayold Arabidopsis seedlings were transferred from the petri plates to trays containing a sand/vermicompost/ cocopeat mixture (1:1:1 w/w/w). After three weeks, each plant was inoculated with 1000 freshly hatched M. incognita J2s.
Expression analysis of putative NRRS genes through Quantitative real time PCR (qRT-PCR)
Arabidopsis seedlings were maintained in a growth chamber at 22 o C with a 16 h photoperiod and 8 h dark. Root samples, both nematode-infected and uninfected control, were harvested at three different stages viz., 7, 14 and 21 days post inoculation (dpi). As reference samples, uninfected roots were analyzed from the plants from the same stages. The experiment was set up in triplicate, and 4 seedlings were sampled for each developmental stage.
Total RNA was isolated from the samples using the RNeasy mini kit (Qiagen, Germany) following the manufacturer's protocol. cDNA was prepared using Protoscript M-MuLV first strand synthesis kit (NEB, USA) using oligo-d (T) 23VN primers. cDNA was normalized and quantified before qRT-PCR. The primers were designed from the cDNA sequence of selected genes using online 'Primer3' portal (http:// frodo.wi.mit.edu/primer3/) (Rozen and Skaletsky 2000) . The primer sequences used for AT1G26530 and ubiquitin (UBQ10) genes were: AT1G26530 F (5´-GTGTACTCAAAGGGACATATGCTG-3´); AT1G26530 R (5´-TACATGATTGGTACACCAGGAATC-3´); UBQ10 F (5´-GGAAAGACCATCACCCTTGA-3´); UBQ10 R (5´-ATCCTCAAGCTGCTTTCCAG-3´). cDNA from infected and control samples was used as a template, with three biological replicates along with their thee technical replicates. A 20 µl reaction volume consisting of SYBR FAST qRT-PCR Master Mix (2x) Universal (KAPA Biosystems) and 10 pmol of each primer was used in all qRT-PCR reactions. The qRT-PCR reactions were performed on a StepOnePlus™ Real-Time PCR system (Applied Biosystems®; Hirao et al. 2012) . The threshold cycle values were normalized by UBQ10 as endogenous control and fold changes of the target gene was calculated by 2 -∆∆Ct method (Livak and Schmittgen 2001) .
Cloning of AT1G26530 promoter-GUS construct and development of transgenics
The upstream region (1580 bp) of nematoderesponsive gene AT1G26530, was amplified from the Arabidopsis genomic DNA using specific primers (F 5'ATGCTCAACACAGCCTTG3' and R 5' ATTGATTTT GCACCAGCTT3'), flanking restriction sites, BamHI and SalI. The amplified product was eluted from the gel using Pure Link Gel Extraction kit (Invitrogen, USA), quantified and digested with BamHI and SalI. The 1580 bp BamHI/SalI promoter fragment was cloned upstream of the uidA reporter gene, which codes for β-glucuronidase (GUS), using T4 DNA ligase (NEB, USA), with BamHI/SalI linearised pORE-R2 (Coutu et al. 2007 ) vector and transformed to DH5-α strain of E. coli (NEB, Massachusetts, USA). The AT1G26530 prm::GUS fusion construct was validated by nucleotide sequencing and introduced into Agrobacterium strain (GV3101). Arabidopsis plants were transformed using the floraldip method (Clough and Bent 1998) . The primary transformants were selected on medium containing kanamycin (50 µg/ml) which was further confirmed by PCR using GUS specific F 5´ TTCG ATGCGGTCACTCATTA 3´ and R 5´ TCTGCCA GTTCAGTTCGTTG 3´ primers. T 2 plants were generated and used for further GUS analysis by nematode infection.
GUS assay
The Arabidopsis plants harboring AT1G26530prm:: GUS were monitored for GUS activity at different intervals at 7, 14 and 21 days post inoculation (dpi). Uninfected plants were used as control. The histochemical localization of GUS activity was performed with the substrate 5-bromo-4-chloro-3-indolyl-β-D-glucuronide (X-gluc) (Jefferson 1989) . The infected and uninfected plants were uprooted and washed with water until roots were free of soil. The plants were immersed in freshly prepared GUS assay buffer and vacuum infiltrated for 5 to 10 minutes in a desiccator. The tubes were then incubated overnight in dark at 37 o C. The tissues were cleared by replacing the buffer with 70% ethanol incubated at room temperature overnight and then imaged using a stereomicroscope (Nikon, Japan).
Cis-element identification in 1580 bp fragment of AT1G26530 promoter
Putative cis-elements of AT1G26530 promoter (~ 1580 bp) were identified through Plant-CARE (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) (Lescot et al. 2002) and PLACE (http://www.dna. affrc.go.jp/PLACE/) (Higo et al. 1999) .
Results and discussion
Identification of PIN, a nematode-responsive rootspecific gene
We developed a computational approach to identify nematode-responsive and root-specific genes by using microarray data from public domain and known conserved cis-elements. We identified a set of 51 nematode-responsive root-specific genes which was further enriched on the basis of presence of ciselements and had minimal expression in absence of nematode infection (unpublished data). Through these analyses, two types of genes were identified, the ones which expressed only in the root of Arabidopsis and second group comprising those which expressed upon nematode infestation. Later on, both types of data were pooled to obtain genes that were both nematoderesponsive and root-specific. A PIN domain containing gene, AT1G26530, was identified and proposed as nematode-responsive-root-specific. Furthermore, GENEVESTIGATOR tool was used to study the level of expression of AT1G26530 gene in response to nematode infection, which indicated up-regulation in response to nematode infection in all the four replicates in comparison to control conditions (Fig. 1) .
Expression pattern of At1G26530 gene in response to nematode infection
In silico expression analysis using eFP browser (bar.utoronto.ca/efp/cgi-bin/efpWeb.cgi) was also performed to examine the involvement of this gene in response to infection by other pathogens such as fungus. The analysis revealed the involvement of AT1G26530 gene in response to fungal (Phytophthora infestans) infection. In silico study showed upregulation of this gene after 12 h of fungal infection and down-regulation after 24 h of infection ( Fig. 2A-B) . [Vol. 76, No. 1 Quantitative real time PCR was used to determine the transcript level of AT1G26530 after nematode infection. The transcript levels were ~1.6 fold, ~2.5 fold and ~2.7 fold higher in 7 dpi, 14 dpi and 21 dpi samples, respectively (Fig. 3) compared to uninfected control samples. Thus AT1G26530 transcript levels increased with increasing duration of nematode infestation. Several genes have been reported to be upregulated in response to nematode infestation. The pyk20 gene exhibited gene upregulation in response to cyst nematode, 7 days after infestation (Puzio et al. 2000) . Similarly, transcript levels of Hs1 pro1 gene increased by about four fold after one day of nematode infection (Thurau et al 2003) . In another report, thirteen genes showed increased transcript levels 14 days after root-knot nematode infestation (Hammes et al. 2005) . Three genes (Pdf2.1, Pdf2.2 and Pdf2.3) showed upregulation in response to H. sachachtii infection (Siddique et al. 2011) . At1g64110 gene encoding an ATPase was upregulated in syncytia (Ali et al. 2013) .
Fig. 1. GENEVESTGATOR, the search engine for gene expression, exhibiting expression levels of AT1G26530 gene after 21 days of nematode infection (four replicates) and uninfected control plants of Arabidopsis thaliana (five replicates). Note the increase in level of expression in response to nematode infection
Fig. 2. A Pictorial representation of expression levels of gene in response to control condition and Phytophthora infestans infection. B) Fold change in expression in response to control and different durations of Phytophthora infestans infection
Cis-element identification
To identify transcription regulatory elements, 1580 bp sequence of AT1G26530 promoter was evaluated by two databases, PLACE (Higo et al. 1999) and PlantCARE (Lescot et al. 2002) . We identified TATA box consensus sequence at the position of -27 bp upstream of the predicted transcription start site (TSS) and CAAT box (-32 bp upstream of the TSS) was found adjacent to the TATA box (Fig. 4) . P-box (CCTTTG) motif that is conserved among nematoderesponsive genes (Sukno et al. 2006 ) was found on negative strand at the position of 609-614 bp from TSS. The root motif-ATATT which provides root specificity (Elmayan and Tepfer 1995) was located on negative strand from 1458-1163 bp. Auxin-responsive element (CATATG) was found on negative strand between 1187-1182 bp, which plays an important role in growth and development of the plant (Xu et al. 1997) . [Vol. 76, No. 1 Apart from this motif two more Auxin responsive elements were identified which are AuxREs (GAGACA; Ulmasov et al. 1995) and TGA element having AACGAC as motif sequence. Two organ specific element, OSE1 (AAAGAT) and OSE2 (CTCTT) were present in AT1G26530 promoter, which were earlier implicated in nodule specific expression in soybean (Stougaard et al. 1990 ). W-box, a binding site for members of the WRKY family transcription factor was also present (Rushton et al. 1996) . Fourteen WRKY71OS motifs (TGAC) were found within 170-1398 bp region from TSS, which binds to the W-box DNA elements, and functions as a transcriptional repressor in plant. There are 72 WRKY genes in Arabidopsis (Eulgem and Somssich 2007) and mainly are transcriptionally inducible upon pathogen attack and other defense-related stimuli. WRKY71 of Oryza sativa was found to be up-regulated by several defense signaling molecules (Salicylic acid, methyl jasmonate, 1-aminocyclo-propane-1-carboxylic acid) as well as by wounding and on infection by pathogen. Over expression of OsWRKY71 gene resulted in higher resistance to virulent bacterial pathogens, Xanthomonas oryzae pv. oryzae (Liu et al. 2007 ). Among other regulatory motifs, a wun motif (TCATTACGAA), which is a wound responsive element, and Sorlip2 (GGGCC), found in the phyAinduced promoter (Hudson and Quail 2003) were also identified. The presence of conserved motifs that are implicated in nematode-responsiveness and rootspecificity warrants further studies in establishing their role in the spatio-temporal expression of the gene driven by this promoter.
Promoter cloning in the pORE R2 binary vector
The 1580 bp promoter fragment was amplified using genomic DNA extracted from the Arabidopsis root (Fig.  5A ) and was cloned in pORE R2 vector. Following cloning, the presence of insert was confirmed through restriction digestion using BamHI and SalI (Fig. 5B) . Arabidopsis plants were floral dipped with above mentioned construct through Agrobacterium tumefaciens strain GV3101. T 1 plants were selected on kanamycin (Fig. 6A) and confirmed at molecular level through PCR (Fig. 6B) . T 2 plants were used for the GUS assay. promoter-GUS construct were analyzed for promoter activity in uninfected and infected plants. For reporter gene assay, four independent Arabidopsis transgenic lines were selected and ten plants of each line were evaluated. The GUS assay was performed at 7 dpi, 14 dpi and 21dpi, using plants infected with Meloidogyne incognita and uninfected plants as control (Fig. 7A-F) . All the independent transgenic lines exhibited GUS activity only in roots, specifically in the galls and GUS activity was not detected in control plants at any of the evaluated time points (Fig. 7A and B). 7 dpi plants exhibited no GUS activity either in the root or in shoot ( Fig. 7C and D ) whereas 14 dpi and 21 dpi roots exhibited strong GUS activity in response to RKN in the roots ( Fig. 7E and F) . The highest GUS activity was observed at 21dpi. The AT1G26530 promoter analysis using GUS activity assay confirmed the observed inducibility of this gene upon nematode infection specifically in galls after 14 dpi which was sustained till 21 dpi. The GUS analysis is in agreement with the expression analysis of AT1G26530 which increased with time of inoculation. The role of this gene driven by a nematode-responsive and root-specific promoter has not been characterized in response to nematode infection. This is the first report wherein the involvement of AT1G26530 gene has been established in root knot nematode infestation. Further studies on molecular mechanisms of involvement of this ribosomal processing gene during nematode infection will be an interesting area in future.
Qualitative GUS analysis of transgenic lines harboring the promoter-GUS fusion
On further analysis, no major variations in GUS expression patterns between four independent transgenic lines containing was observed. However, minor variations in intensity of GUS activity were observed in galls. The total galls were counted among independent AT1G26530prm::GUS transgenic lines. The percentage of GUS positive galls ranged from 85.8 to 93.5 % among the four transgenic lines (Table  1) . Several other promoters showed a similar pattern of GUS expression upon nematode infection (Thurau et al. 2003b; Puzio et al. 2000; Sukno et al. 2006) . Thurau et al. (2003) reported 43.32 and 64.70 % GUS expression in cyst nematode feeding sites of transgenic lines of sugar beet and Arabidopsis respectively, driven through Hs-1Pro-1. The pyk20 promoter transgenic lines of Arabidopsis also showed 38.0 to 81.9% GUS positive in galls (Puzio et al. 2000) . The transgenic Arabidopsis lines harboring Atcel1 promoter had 85.36 % GUS positive galls (Sukno et al. 2006) . Similar pattern of GUS activity was observed in Hs1 promoter driven expression in response to nematode infection in Arabidopsis and sugar beet (Thurau et al. 2003) . The variable number of galls, expressing GUS activity, may be due to the developmental stage at which the plants are being This study resulted in the identification and characterization of a promoter that is both nematoderesponsive and root-specific. Such tissue specific or stimuli specific promoters are the need of the hour to engineer plants to combat various environmental stresses that afflict them. Most of the transgenic plants developed so far have relied on the use of constitutive promoters. However, constitutive expression of genes can lead to ectopic expression and is also considered a wasteful process. The promoter identified in this study can now be used for the efficient production of dsRNA of nematode and development of nematode resistant crop plants using host delivered RNAi approach.
